In our previous studies, we identified four DEFICIENS (DEF)-like genes and one GLOBOSA (GLO)-like gene involved in floral organ development in Phalaenopsis equestris. Revealing the DNA binding properties and proteinprotein interactions of these floral homeotic MADS-box protein complexes (PeMADS) in orchids is crucial for the elucidation of the unique orchid floral morphogenesis. In this study, the interactome of B-class PeMADS proteins was assayed by the yeast two-hybrid system (Y2H) and glutathione S-transferase (GST) pull-down assays. Furthermore, the DNA binding activities of these proteins were assessed by using electrophoretic mobility shift assay (EMSA). All four DEF-like PeMADS proteins interacted individually with the GLO-like PeMADS6 in Y2H assay, yet with different strengths of interaction. Generally, the PeMADS3/ PeMADS4 lineage interacted more strongly with PeMADS6 than the PeMADS2/PeMADS5 lineage did. In addition, independent homodimer formation for both PeMADS4 (DEF-like) and PeMADS6 (GLO-like) was detected. The protein-protein interactions between pairs of PeMADS proteins were further confirmed by using a GST pull-down assay. Furthermore, both the PeMADS4 homodimer and the PeMADS6 homodimer/homomultimer per se were able to bind to the MADS-box protein-binding motif CArG. The heterodimeric complexes PeMADS2-PeMADS6, PeMADS4-PeMADS6 and PeMADS5-PeMADS6 showed CArG binding activity. Taken together, these results suggest that various complexes formed among different combinations of the five B-class PeMADS proteins may increase the complexity of their regulatory functions and thus specify the molecular basis of whorl morphogenesis and combinatorial interactions of floral organ identity genes in orchids.
Introduction
During floral development, the floral organ identity genes are expressed to specify the identity of different floral organs. The most well known floral organ identity genes are MADS-box genes. The ABCE model stipulates that sepals are specified by A and E activity, petals by A and B and E, stamens by B and C and E, and carpels by C and E, with the ABCE MADS-box proteins interacting as tetramers to specify floral organ identity (Weigel and Meyerowitz 1994 , Theissen et al. 2000 , Theissen and Saedler 2001 , Pelaz et al. 2000 , Ditta et al. 2004 , Zahn et al. 2005 . One line of evidence that MADS proteins form dimeric and multimeric complexes comes from yeast two-, three-and four-hybrid experiments (Davies et al. 1996 , Fan et al. 1997 , Moon et al. 1999 , Honma and Goto 2001 . These quaternary complexes of MADS-box genes may be involved in activating or repressing target genes by binding to their promoters (Theissen and Saedler 2001) . The canonical sequence that MADS-box proteins generally bind is CC(A/T) 6 GG, called a CArG motif (Schwarz-Sommer et al. 1992 , Wynne and Treisman 1992 , Huang et al. 1993 , Shiraishi et al. 1993 , Hill et al. 1998 .
In both Arabidopsis and Antirrhinum, DEFICIENS (DEF)/APETALA3 (AP3) and GLOBOSA (GLO)/ PISTILLATA (PI) proteins must form a heterodimer to function properly as transcriptional regulators. This heterodimerization appears to be the rule for their proper functions in eudicots (Schwarz-Sommer et al. 1992 , Honma and Goto 2000 . Unlike the apparent constraint of heterodimerization among the core eudicots, some B-class proteins of monocots can heterodimerize and/or homodimerize. The orchid DEF/AP3 homolog OMADS3 forms homodimers in vitro, but is unable to form heterodimers with AP3 or PI in Arabidopsis (Hsu and Yang 2002) . GLO/PI orthologs from tulip and lily can form homodimers and bind to DNA (Winter et al. 2002 , Tzeng et al. 2004 ). However, this ability to homodimerize may not be conserved among the monocots, because the maize DEF/AP3 ortholog SILKY1 can only form heterodimers with the maize GLO/PI homolog to perform its binding activity (Ambrose et al. 2000 , Whipple et al. 2004 .
Phalaenopsis is a member of the Orchidaceae, one of the largest families of flowering plants. The Phalaenopsis flower is highly evolved and contains a gynostemium or column (a fusion of the male and female reproductive organs) and an extremely modified petal, the labellum, or lip. There is no clear distinction between sepals and petals, which are thus sometimes referred to as tepals (Bowman 1997) . A simple modified ABC model suggests that expansion of B-class gene expression into the first whorl could explain the first-whorl petaloid floral organs (van Tunen et al. 1993 ). This model was experimentally supported by the observation that B-class genes are indeed expressed in whorl 1 as well as in whorls 2 and 3 in several monocot species with petaloid sepals, such as Lilium regale (Liliaceae), Tulipa gesneriana (Liliaceae), Phalaenopsis equestris (Orchidaceae), Agapanthus praecox ssp. Orientalis (Agapanthaceae) and Crocus sativus L. (Iridaceae) (Theissen et al. 2000 , Tsai et al. 2004 , Nakamura et al. 2005 , Tsai et al. 2005 , Tsaftaris et al. 2006 .
Gene duplication provides the raw materials for the variation and evolution of new functions, through either subor neofunctionalization (Force et al. 1999) . Previously, we reported on the Phalaenopsis genome containing at least four DEF/AP3-like genes in P. equestris (PeMADS2-PeMADS5) having diverse expression patterns, which suggests their functional diversification (Tsai et al. 2004 ). In addition, we found that the Phalaenopsis genome might contain only one copy of the GLO/PI-like gene involved in floral and ovary development and flower longevity (Tsai et al. 2005) . In this report, we describe the assessment of in vivo as well as in vitro protein-protein interactions among these B-class PeMADS proteins of orchids using yeast two-hybrid (Y2H) and glutathione S-transferase (GST) pull-down assays. Furthermore, we examined the ability of the proteins to bind to the CArG motif by electrophoretic mobility shift assay (EMSA). We identified the DNA binding ability of both homodimers and heterodimers between PeMADS proteins, which revealed that the control of perianth development in orchids is a sophisticated process.
Results

Y2H analysis of interaction between Phalaenopsis B-class proteins
Previously we identified and characterized four DEF-like genes and one GLO-like PeMADS gene in Phalaenopsis and inferred that PeMADS6 interacts with different DEF-like proteins (PeMADS2-PeMADS5) to specify sepal, petal and lip identity in Phalaenopsis (Tsai et al. 2004 , Tsai et al. 2005 . Recent studies have demonstrated that protein-protein interactions and complex formation are the basis of the MADS-box transcription factor function (Kaufmann et al. 2004) . To gain more insight into the tepal development in orchid, we analyzed the interaction between these B-class proteins by an Y2H system, the standard way to identify in vivo protein-protein interactions Angenent 2002, de Folter et al. 2005) . Each of the five B-class PeMADS open reading frames was cloned into the DNA-binding domain vector pGBKT7 and activation domain vector pGADT7. Combinations of vectors containing Phalaenopsis B-class gene cDNA were then introduced into yeast, and the interactions between these proteins were assessed by growing colonies on medium lacking adenine and histidine (SD-Trp-Leu-His-Ade). As expected, the GLO-like PeMADS6 formed heterodimers with each of the four DEF-like PeMADS proteins individually (Fig. 1A, 6, 10, 13 and 15) . Interestingly, homodimer formation was detected independently not only for the GLO-like PeMADS6, but also for the DEF-like PeMADS4 (Fig. 1A , 11 and 16). However, mutual interactions between most of the DEF-like PeMADS proteins were not detected. These included PeMADS2-PeMADS2, PeMADS2-PeMADS3, PeMADS2-PeMADS4, PeMADS2-PeMADS5, PeMADS3-PeMADS3, PeMADS3-PeMADS4, PeMADS3-PeMADS5, PeMADS4-PeMADS5 and PeMADS5-PeMADS5; these proteins could not form homodimers or heterodimers (Fig. 1A, 2 -5, 7-9, 12 and 14) . In addition, reciprocal experiments were carried out by switching the prey and bait vectors, and consistent results were obtained (data not shown).
The relative protein-protein interaction strength was assayed by using colony-lift filter and liquid culture assays. Among the six pairs of protein-protein interactions, the formation of a heterodimer between PeMADS3 and PeMADS6 was the strongest, followed by the heterodimer between PeMADS4 and PeMADS6, the heterodimer between PeMADS2 and PeMADS6, the PeMADS4-PeMADS4 homodimer and the PeMADS6-PeMADS6 homodimer; the weakest reaction was the formation of the heterodimer between PeMADS5 and PeMADS6 (Fig. 1B) . Generally, the results showed that the PeMADS3/PeMADS4 lineage interacted more strongly with PeMADS6 than did the PeMADS2/PeMADS5 lineage (Fig. 1B) . These results suggest that duplicated DEF-like orchid proteins exert their functions through different strengths of the interactions with other proteins specifying floral development.
GST pull-down assay of interacting Phalaenopsis B-class proteins
To confirm the interaction specificity among these B-class proteins, a biochemical approach was adopted.
GST fusion proteins of the four DEF-like PeMADS were expressed, purified and incubated with His-tagged PeMADS6, and analyzed by Western blotting assay. The His-tagged PeMADS6 was retained by each of the four GST-PeMADS proteins, suggesting interactions between the four DEF-like PeMADS and PeMADS6 individually ( Fig. 2A, lanes 3 , 5, 7 and 9). As a negative control, GST alone was not able to pull-down the PeMADS6 protein ( Fig. 2A, lanes 2, 4, 6 and 8 ). In addition, we detected signals from His-tagged PeMADS4 incubated with GST-PeMADS4 as well as from His-tagged PeMADS6 incubated with GST-PeMADS6 (Fig. 2B, lanes 3 and 6) , which suggests homodimer formation for both PeMADS4 and PeMADS6 independently. The homodimer formation for both PeMADS4 and PeMADS6 shown in the pull-down assay is consistent with that of the in vivo Y2H assay. Various protein combinations, including PeMADS2-PeMADS2, PeMADS2-PeMADS3, PeMADS2-PeMADS4, PeMADS2-PeMADS5, PeMADS3-PeMADS3, PeMADS3-PeMADS4, PeMADS3-PeMADS5, PeMADS4-PeMADS5 and PeMADS5-PeMADS5, did not occur ( Fig. 2C-E ). Combining the results from both in vivo and in vitro protein-protein interaction assays, we showed that the heterodimers PeMADS2-PeMADS6, PeMADS3-PeMADS6, PeMADS4-PeMADS6 and PeMADS5-PeMADS6, as well as homodimers of PeMADS4 and PeMADS6, potentially were involved in the floral development of P. equestris.
PeMADS4 homodimer and PeMADS6 homodimer/ homomultimer exerted a DNA binding activity
The MADS-box proteins from flowering plants analyzed so far bind as dimers or multimers to a specific DNA sequence known as the CArG motif. The relative divergence of the orchid B-class proteins prompted us to determine whether they could also bind to the CArG motif. For this purpose, we used EMSA with an oligonucleotide containing a stretch of sequences derived from a CArG motif of the Arabidopsis AP3 promoter.
As compared with its putative ortholog of eudicots, PeMADS4 alone could specifically bind to the CArG motif from the AP3 promoter (Fig. 3, lanes 9-11) . In contrast, consistent with no homodimer formation ability, PeMADS2, PeMADS3 and PeMADS5 alone did not have the DNA binding activity (Fig. 3 , lanes 3-5 for PeMADS2, lanes 6-8 for PeMADS3, lanes 12-14 for PeMADS5). These results suggest that PeMADS4 has diverged from the original DEF-like gene, and various orchid DEF-like proteins have differential DNA binding behaviors.
Interestingly, more than one slower and weaker shifted band was observed for PeMADS6 protein per se as compared with those formed by the AP3-PI heterodimer and the PeMADS4 homodimer (Fig. 3, lanes 15-17) . The shifted bands caused by the PeMADS6 homodimer should be at a similar position to that of the PeMADS4 homodimer (Fig. 3, lane 9 ) since both PeMADS4 and PeMADS6 proteins have similar molecular weight. Thus, the slower and weaker shifted bands at higher positions could be 1, pGBKT7-AP3 þ pGADT7-PI; 2, pGBKT7-PeMADS2 þ pGADT7-PeMADS2; 3, pGBKT7-PeMADS2 þ pGADT7-PeMADS3; 4, pGBKT7-PeMADS2 þ pGADT7-PeMADS4; 5, pGBKT7-PeMADS2 þpGADT7-PeMADS5; 6, pGBKT7-PeMADS2 þ pGADT7-PeMADS6; 7, pGBKT7-PeMADS3 þ pGADT7-PeMADS3; 8, pGBKT7-PeMADS3 þ pGADT7-PeMADS4; 9, pGBKT7-PeMADS3 þ pGADT7-PeMADS5; 10, pGBKT7-PeMADS3 þpGADT7-PeMADS6; 11, pGBKT7-PeMADS4 þ pGADT7-PeMADS4; 12, pGBKT7-PeMADS4 þ pGADT7-PeMADS5; 13, pGBKT7-PeMADS4 þ pGADT7-PeMADS6; 14, pGBKT7-PeMADS5 þ pGADT7-PeMADS5; 15, pGBKT7-PeMADS5 þpGADT7-PeMADS6; 16, pGBKT7-PeMADS6 þ pGADT7-PeMADS6. (B) The yeast two-hybrid assay showing the relative strength of interaction between PeMADS proteins. Activation of HIS3 and lacZ was indicated by growth on -HIS medium with 20 mM 3AT. The relative level of lacZ (b-galactosidase) activity is shown to the right. Yeast transformed with vectors (pGADT7 þ pGBKT7 or pGBKT7 þ pGAD-PeMADS6) were used as negative controls.
a result of the binding of PeMADS6 homomultimers to the target DNA, yet the binding activity of the PeMADS6 homomultimer alone was much weaker compared with that of the PeMADS4 homodimer. Alternatively, this is a native gel and the PeMADS6 homodimer might well have a tertiary structure different from that of the PeMADS4 homodimer which makes it run more slowly. Thus, we have presented evidence that a PI-like protein potentially exists as several homomultimers for DNA binding activity, although PI-like proteins from monocots such as lily and tulip are able to form homodimers and have DNA binding activity (Winter et al. 2002 , Whipple et al. 2004 ).
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His-PeMADS4+GST-PeMADS4 His-PeMADS6+GST-PeMADS6 Heterodimers of PeMADS4 with other DEF-like PeMADS proteins were unable to bind the CArG motif The interaction of each PeMADS protein with PeMADS4 showed shifted signals in EMSA experiments (Fig. 4 , lanes 6-8, PeMADS2 þ PeMADS4; lanes 3-5, PeMADS3 þ PeMADS4; lanes 12-14, PeMADS4 þ PeMADS5; lanes 15-17, PeMADS4 þ PeMADS6). However, these signals could be formed either by PeMADS4 homodimers or by heterodimers formed between PeMADS4 and other DEF-like PeMADS proteins. Thus, further investigation was performed in order to reach a conclusion regarding this.
In vivo Y2H analysis revealed that PeMADS2 and PeMADS4 did not interact with each other (Fig. 1A) . In addition, they do not have overlapping expression profiles (Supplementary Fig. S1 ; Tsai et al. 2004) . Physiologically, PeMADS2 is expressed in sepals and petals, and PeMADS4 is found in the lip and column, thus the two proteins have no opportunity to meet each other. In light of all these facts, the PeMADS4 homodimer per se was responsible for the shifted signals detected on EMSA for the presence of both PeMADS2 and PeMADS4. Similarly, both PeMADS3 and PeMADS4, and both PeMADS4 and PeMADS5 did not interact with each other in the in vivo Y2H experiments (Fig. 1A) , even though they share overlapping spatial expression patterns (Supplementary Fig. S1 ). Therefore, the shifted signals detected on EMSA for the presence of both PeMADS3 and PeMADS4 or both PeMADS4 and PeMADS5 were derived merely from the binding of the PeMADS4 homodimer to the target DNA (Fig. 5 , lanes 3-5, PeMADS3-PeMAD4; lanes 12-14, PeMADS4-PeMADS5).
DNA binding behaviors of PeMADS6 with other DEF-like PeMADS proteins
When both PeMADS4 and PeMADS6 were present at the same time, we detected two shifted bands, including a slower and weaker band for the PeMADS6 homomultimer and a stronger band at a similar position to the band formed by the PeMADS4 homodimer (Fig. 5, lanes 15-17) . However, the stronger band could have been generated by both the PeMADS4 homodimer and the PeMADS4-PeMADS6 heterodimer. Indeed, the PeMADS4-PeMADS6 heterodimer potentially existed, as was supported by Y2H results (Fig. 1A) . Further evidence for the presence of the formation of a heterodimer between PeMADS4 and PeMADS6 was revealed by using a supershift assay with antibodies against both PeMADS4 and PeMADS6. The results showed that two shifted bands were detected when only PeMADS4 and PeMADS6 were added (Fig. 6, lane 3,  arrows) . Interestingly, one supershifted band was observed when anti-His antibody was added together with PeMADS4 and PeMADS6 (Fig. 6, lane 4, square) , and the second 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Fig. supershifted band was also detected when both anti-GST and anti-His antibodies were added together with PeMADS4 and PeMADS6 (Fig. 6 , lane 5, circle). These results suggest that the formation of a heterodimer(s) between PeMADS4 and PeMADS6 was authentically detected and that it exerted DNA binding activity. Spatially, transcripts of both PeMADS4 and PeMADS6 co-exist in Phalaenopsis lip and column (Supplementary Fig. S1 ; Tsai et al. 2004 , Tsai et al. 2005 . Thus, the PeMADS4-PeMADS6 heterodimer could well be involved in the Phalaenopsis lip and column morphogenesis. When PeMADS6 was accompanied by PeMADS2 or PeMADS5, which by themselves did not exert DNA binding activities (Fig. 3, lanes 3-5 and 12-14) , extra binding activities were detected apart from the original complexes detected for PeMADS6 per se (Fig. 4 , lanes 12-14, PeMADS2-PeMADS6; lanes 15-17, PeMADS5-PeMADS6). Physiologically, PeMADS2 and PeMADS6 show overlapping expression profiles in the sepals and petals, which may allow the formation of different B-function heterodimers in orchids and thus participate in directing the morphogenesis of various floral organs. For example, the strong interaction of the PeMADS2-PeMADS6 heterodimer revealed by Y2H assay could specify sepal development, and the weak interaction between PeMADS5 and PeMADS6 might regulate petal formation to a lesser extent.
In contrast, we failed to detect any binding activity for either PeMADS3 or PeMADS6 to DNA fragments containing the CArG motif (Fig. 5, lanes 9-11) , although the PeMADS3-PeMADS6 heterodimer interaction was the strongest among all pairs of PeMADS proteins. It is possible that PeMADS3 may play the role of a dominant negative interactor to prevent PeMADS6 from forming a homodimer. It is also possible that the PeMADS3-PeMADS6 heterodimer might have specificity for a specific CArG box which is different from the one we used here. Alternatively, it is plausible that this interaction may not be enough for DNA binding activity, and other protein factors may be required.
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Fig. 6 Determination of binding specificity between PeMADS4 and PeMADS6. Supershift assays were performed using a 32 P-labeled AP3 promoter sequence incubated with purified GST-PeMADS4, His-tagged PeMADS6 and 2 mg of the indicated antibody. Lane 1, anti-GST antibody and DNA probe. Lane 2, antiHis-tagged antibody and DNA probe. Lane 3, PeMADS4 þ PeMADS6 and DNA probe. Lane 4, PeMADS4 þ PeMADS6 þ anti-His-tagged antibody and DNA probe. Lane 5, PeMADS4 þPeMADS6 þ anti-His-tagged antibody þ anti-GST antibody and DNA probe.
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Combinations of DEF-like PeMADS proteins did not exert DNA binding activity
We detected no shifted signals caused by PeMADS2-PeMADS3, PeMADS2-PeMADS5 and PeMADS3-PeMADS5, a finding that coincided with the lack of interactions between pairs of B-class proteins as revealed by Y2H experiments (Fig. 4, lanes 3-5 for PeMADS2-PeMADS3, lanes 9-11 for PeMADS2-PeMADS5; Fig. 5 , lanes 6-8 for PeMADS3-PeMADS5; Fig. 1A) . Obviously, duplicated DEF-like genes in the orchid genome, whose functions diversified independently, did not allow for heterodimer formation among them.
Discussion
Previously, we discovered that the expression pattern of B-class genes in Phalaenopsis floral organs nicely fits the modified ABC model in that the expression of B-class genes has expanded to whorl 1 in plants possessing nearly identical morphology of sepals and petals (Tsai et al. 2004 , Tsai et al. 2005 ). Furthermore, a unique expression profile for each DEF-like PeMADS gene (PeMADS2-PeMADS5) correlates with the development of a sophisticated tepal structure of Phalaenopsis orchids (Tsai et al. 2004) . In this study, we confirmed that each DEF-like PeMADS protein could form a heterodimer with the GLO-like protein PeMADS6. Except for the PeMADS3-PeMADS6 heterodimer, each heterodimer exhibited DNA binding activity. In addition, the PeMADS4 homodimer showed a DNA binding property. The existence of a PeMADS4 homodimer and a PeMADS4-PeMADS6 heterodimer may reveal the elaborateness of the morphogenesis of the lip organ, the orchid's highly evolved petal, or labellum, which has a long charmed and has confused plant biologists.
The patterns of behavior of B-class PeMADS proteins elucidated by Y2H, GST pull-down and EMSAs are summarized in Table 1 . From a comparison of the five PeMADS gene expression patterns in both the wild-type and the peloric mutant floral organs ( Supplementary  Fig. S1 ), and the protein-protein interaction behavior of these B-class proteins (Table 1) , we suggest that PeMADS2 and PeMADS6 could work together to specify sepal formation; PeMADS3, PeMADS5 and PeMADS6 might interact to determine petal development; and PeMADS3, PeMADS4 and PeMADS6 may exist in a complex to control lip formation. The peloric mutant ( Supplementary  Fig. 1 ) with the formation of ectopic lips at the original petal position could be due to the ectopically expressed PeMADS4 interacting with PeMADS3 and PeMADS6. Additional evidence comes from the real-time reverse transcription-PCR (RT-PCR) investigating PeMADS4 expression patterns in three different pairs of normal Phalaenopsis species and their somaclonal peloric mutants (data not shown). Consistently, we found ectopically expressed PeMADS4 in petals of peloric flowers as revealed by Tsai et al. (2004) . These facts were evidence to support PeMADS4 being a lip identity gene. Further investigation with isolation of the orchid orthologs of A-and/or E-class genes and their roles together with B-class genes will be crucial to understand the detailed. molecular mechanisms of orchid floral development.
Knowledge of the behavior of DEF and GLO proteins from the study of model plants of eudicots and monocots, such as Arabidopsis, Antirrhinum, petunia, rice and maize, indicates that to function well, DEF and GLO proteins must form a heterodimer to act as a transcriptional regulator (Schwarz-Sommer et al. 1992 , Riechmann et al. 1996 , Lee et al. 2003 , Vandenbussche et al. 2004 , Whipple et al. 2004 . Our previous research showed that the DEFlike lineage separated to form PeMADS2/5 and PeMADS3/ 4 lineages in Phalaenopsis orchid (Tsai et al. 2004) . In this report, we found that interactions between PeMADS6 and PeMADS3/4 were stronger than those between PeMADS6 and PeMADS2/5 (Fig. 1B) . It is likely that the fast sequence diversification in the PeMADS2/PeMADS5 lineage affected the strength of interaction with PeMADS6. Moreover, the strength of interaction between PeMADS5 and PeMADS6 was much weaker than that between PeMADS2 and PeMADS6. The paleoAP3 motif lost in PeMADS5 might play a role in enhancing the interaction strength for DEF-like protein interacting with PeMADS6 (Fig. 7) . The differential protein-protein interaction behaviors of the 
Yes Yes orchid B-class MADS-box proteins may concern the sophisticated orchid floral interactome and thus diversify the orchid flowers. Functional diversification also appeared in duplicated DEF/AP3 orthologous genes of petunia, PhDEF and PhTM6, yet no heterodimerization between them was observed (Vandenbussche et al. 2004 ). Significant diversification of sequences and expression patterns of the four DEF/AP3-like genes in Phalaenopsis also showed that heterodimerization among them did not exist. The lack of heterodimerization among different DEF/AP3-like proteins may be conserved in monocots and eudicots. The DEF/AP3-like MADS-box proteins from monocots such as LMADS1 of lily and OMADS3 of Oncidium orchid also have the ability to form a homodimer. However, only the LMADS1 homodimer shows DNA binding activity (Tzeng and Yang 2001 , Hsu and Yang 2002 , Tzeng et al. 2004 ). Interestingly, the Lilium regale DEF/ AP3-like LRDEF contains one amino acid difference at residue 195 compared with LMADS1 (alanine in LRDEF vs. glycine in LMADS1) and does not have DNA binding activity ( Fig. 7) (Winter et al. 2002) . These results suggest that the region around Gly195 of LMADS1 may offer conformational flexibility and thus is important for DNA binding. Furthermore, our preliminary molecular model examined by use of an HMM/Rosetta server showed that the substitution of glycine with alanine lengthened and stabilized the C-terminal b-strand structure (data not shown) and therefore lost the flexibility for DNA binding. In the PI-derived motif of DEF/AP3 proteins, two of the amino acids, arginine (R) and especially valine (V), among the first five residues, are important for LMADS1 homodimerization (Fig. 7) (Tzeng et al. 2004) . Among the four DEF-like MADS-box proteins of Phalaenopsis, only PeMADS4 encompasses both R and V residues in the PI-derived motif at the relative positions, which indicates its homodimerization and DNA binding ability (Fig. 7) . Although PeMADS2 also harbors RVV residues at these sites, no shifted signals were detected for PeMADS2 per se by EMSA (Fig. 7, and Fig. 2, lanes 3-5) , suggesting that sequence diversification has evolved to modify protein behavior. Although immunoprecipitation and Y2H have revealed the formation of the Arabidopsis AP3 homodimer, its DNA binding activity can only be detected when it forms a heterodimeric complex with PI (Riechmann et al. 1996, Sundstrom and Engstrom 2002) . From computer molecular modeling, both R and V residues in these three proteins were located on a b-strand; however, the amino acid sequences around the C-terminus were quite different (data not shown), and thus varied the local/global conformation and probably influenced both the strength and the specificity of DNA dimer formation. Mutation of these residues followed by characterization of the behavior of the mutated PeMADS4 will be needed to solve the question of why PeMADS4 can form a homodimer.
PeMADS3 has an overlapping expression pattern with PeMADS2, PeMADS4 and PeMADS5 in petals and lips. In addition, no differential expression of PeMADS3 was detected in floral organs of either the wild type or peloric mutant plants in which petals are homeotically converted to lips (Tsai et al. 2004) . Taken together, these results argue that PeMADS3 may play a less important role in the determination of petal and lip organogenesis. We also found that the PeMADS3-PeMADS6 heterodimer did not possess the ability to bind to the CArG box derived from the AP3 promoter, even though its strength of interaction was the strongest among all six pairs of B-class PeMADS proteins. Recently, we have isolated a41 kb DNA fragment upstream from the transcriptional start site of the five P. equestris B-class genes. Several putative CArG boxes were identified in these upstream regulatory sequences, and all of these sequences are different from the CArG box sequence used in this research. The binding specificity of these B complexes will be investigated further on these orchid DEF/GLO-like CArG boxes. In addition, according to the floral quartet model, ABC gene products and SEPALATTA (SEP) proteins, all of which are MADSbox proteins, assemble into higher order, most probably quaternary, complexes, which specify different floral organ identities (Zahn et al. 2005 Tzeng et al., 2004 this study this study this study Winter et al., 2002 this study Fig. 7 Alignment of the consensus sequences for the PI-derived motif and paleoAP3 motif. OMADS3 (AAO45824) is from Oncidium; LMADS1 (AAM27456) and LRDEF (BAB91550) are from Lilium; PeMADS2 (AAR26628), PeMADS3 (AAR26629), PeMADS4 (AAR26626) and PeMADS5 (AAR26627) are from P. equestris. Divergences of amino acids between LMADS1 and LRDEF are shown in lowercase.
DNA binding Reference
In the PI-derived motif, two of the amino acids, arginine (R) and valine (V), within the first five residues are shown in bold.
proteins to carry out their functions. PeMADS3-PeMADS6 may assemble with A-and/or E-class proteins to form a higher order complex for appropriate functions. Another intriguing hypothesis is that PeMADS3 might have evolved as a dominant negative interactor. PeMADS3 might interact with PeMADS6 in the lip to prevent the interaction of PeMADS6 with PeMADS4 and allow PeMADS4 to homodimerize for lip formation. Thus, PeMADS3 could regulate the amount of PeMADS6 that is available for targeting gene activation. Investigation of the concentration of these B-class proteins in each floral organ will lead us to learn more how precise interactomes of these B-class proteins master the development of orchid flowers. GLO/PI-like proteins in monocots with monochlamydeous flowers, such as lily and tulip, show homodimerization ability, and the complex formed has DNA binding activity (Winter et al. 2002 . Similarly, our experiments also revealed that PeMADS6 formed homodimers and possibly homomultimers. Homodimerization of GLO/PI-like proteins is probably a plesiomorphic characteristic in monocots with monochlamydeous flowers. The homodimers of GLO/PI-like proteins may be involved in petaloid sepal formation in tulip and lily, and even in orchids (this study, Kanno et al. 2003) . Although expression patterns of B-class genes in garden asparagus with petaloid sepals in whorl 1 do not support the modified ABC model, more than two GLO/PI-like genes might exist in the garden asparagus genome (Park et al. 2003 , Park et al. 2004 ). However, homodimerization of AOGLOA and AOGLOB has not been analyzed yet. Investigation of the behavior of GLO-like proteins from Agapanthus (Agapanthaceae), Crocus (Iridaceae) and members of the Orchidaceae will provide more information about the role of the GLO-like homodimer in petaloid sepals of monocots.
In conclusion, the evolved diversity of DEF-like MADS-box genes and the behavior of their products with other MADS-box proteins, such as GLO-like or/and SEPlike MADS-box proteins, may illustrate the molecular basis for the establishment of whorl morphogenesis of orchid flowers. Adopting a virus-induced gene silencing (VIGS) strategy to unveil the function of these B-class genes (Lu et al. 2007 ) and understanding the phylogenetic relationship of B-class MADS-box genes in the five main clades of Orchidaceae will lead the way to revealing the mysteries of orchid diversity.
Materials and Methods
Yeast two-hybrid analysis Y2H analysis involved use of the MATCHMAKER system (Clontech, Palo Alto, CA, USA). EcoRI fragments containing the full-length coding region of AP3 and PI of Arabidopsis and PeMADS2, PeMADS3, PeMADS4, PeMADS5 and PeMADS6 of P. equestris were generated via PCR amplification and cloned into the binding domain vector pGBKT7 and the activation domain vector pGADT7. Proper fusion of the constructs was confirmed by sequence determination. Yeast strain AH109 was used for transformation and involved the lithium acetate method (Gietz et al. 1992 ). The transformants co-transformed with binding domain and activation domain plasmids were selected on selection medium lacking adenine, histidine, leucine and tryptophan (-4) according to the manufacturer's instructions. In cases of weak protein-protein interaction, such as PeMADS4-PeMADS4, PeMADS6-PeMADS6 and PeMADS5-PeMADS6, selection medium lacking histidine, leucine and tryptophan (-3) was used to grow the cultures prior to the -4 selection medium.
For quantification of the strength of the interaction between PeMADS proteins, We added 2, 5, 10 and 20 mM 3-amino-1,2, 4-triazole (3AT; Sigma, St Louis, MO, USA) in SD selection medium lacking histidine. However, no significant differences were observed in the numbers of colonies selected on SD-His-Leu-Trp with various concentrations of 3AT. Instead of counting colony numbers to verify and quantify two-hybrid interactions, the colony-lift filter and liquid culture assays were used for b-galactosidase activity. The colony-lift filter assay was performed according to the manufacturer's instructions (Clontech, Mountain View, CA, USA). For the analysis of b-galactosidase activity, yeast strain Y187 was used (Clontech). Positive transformants grown on selection medium were further grown on and suspended in Z buffer (100 mM NaPO 4 , 10 mM KCl, 1 mM MgSO 4 , 50mM b-mercaptoethanol, pH 7.0) containing o-nitrophenol-b-D-galactopyranoside (4 mM in Z buffer) as a substrate. b-Galactosidase activity was calculated according to Miller (1992) .
GST pull-down assay
PI from Arabidopsis and PeMADS6 from P. equestris were expressed as His-tagged proteins, and AP3, PeMADS2, PeMADS3, PeMADS4 and PeMADS5 were expressed as GST fusion proteins. To express His-tagged MADS-box proteins and GST fusion proteins in Escherichia coli JM109 and BL21 cells, we used pGEX-5X-3 (Amersham Pharmacia Biotech, Piscataway, NJ, USA) and pQE-31 (Qiagen, Ontario, Canada) plasmids, respectively. For induction, 0.1 mM isopropyl-b-D-thiogalactoside (IPTG) was applied at 308C for 1.5 h for both His-tagged and GST fusion proteins. Many of the His-tagged and GST fusion PeMADS proteins expressed were insoluble, yet adequate amounts of soluble proteins were purified from the lysates. Cells were pelleted by centrifugation and suspended in 20 ml of NETN buffer [20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 0.5% NP-40] containing protease inhibitor cocktail (Roche, Mannheim, Germany) and then lysed by brief sonication. Cell debris was pelleted at 10,000 Â g for 5 min. Bacterial supernatants were mixed for 1 h at 48C with 200 ml of glutathione-Sepharose beads (Amersham Pharmacia Biotech) that had been previously washed three times and resuspended in NETN buffer. Coated glutathioneSepharose beads were then washed three times with NETN buffer. The crude bacterial lysate containing His-tagged MADS-box proteins was centrifuged at 10,000 Â g for 5 min, and the supernatant was incubated for 1 h at 48C with GST-fused MADS-box proteins immobilized on glutathione-Sepharose beads. Next, the beads were washed four times with NETN buffer. The precipitated proteins on the beads were solubilized in sample treatment buffer containing 2% SDS and 5% b-mercaptoethanol, and then heated at 958C for 5 min. The solubilized proteins were subjected to Western blot analysis with anti-His antibody (Amersham Pharmacia Biotech).
Western blot analysis
Proteins resolved by 12% SDS-PAGE were electrotransferred to Hybond-P membrane (Amersham Pharmacia Biotech) by use of an electroblotting system (Bio-Rad, Hercules, CA, USA) at 100 V for 2 h at 48C. The membrane was probed with diluted 1 : 6,000 anti-His antibody. As a secondary antibody, horseradish peroxidase-conjugated anti-mouse IgG antibody (Amersham Pharmacia Biotech) diluted 1 : 7,500 was used. Signals were detected with use of the ECL system (Amersham Pharmacia Biotech).
Electrophoretic mobility shift assay (EMSA)
The sequence of the CArG oligonucleotide (ATTAGGC AATACTTTCCATTTTT AGTAACT) used for EMSA was derived from the Arabidopsis AP3 promoter (Tilly et al. 1998) , and the CArG motif is underlined. The oligonucleotides were radiolabeled with [g-32 P]ATP at their 5 0 end and purified with use of a BD CHROMA SPINþTE-10 Column (Clontech) prior to EMSA. The examined proteins were all expressed as GST fusion proteins as described above. The expressed GST fusion proteins were purified with use of glutathione-Sepharose 4B beads (Amersham Pharmacia Biotech). For EMSA, 10 mg of the fusion proteins assayed were pre-incubated with 100 ng of poly(dI-dC) (Sigma) on ice for 5 min in 20 mM HEPES (pH 7.6), 4 mM Tris-HCl (pH 7.6), 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 60 mg ml -1 bovine serum albumin and 12% glycerol in a total volume of 14 ml. A 1 ng aliquot of radiolabeled oligonucleotides was then added, and the sample was further incubated on ice for 30 min. Protein-DNA complexes were separated on 5% native polyacrylamide gels in 1Â TBE. The gels were dried and visualized by autoradiography (Biomax MR film; EastmanKodak, Rochester, NY, USA). For supershift assays, 2 mg of rabbit anti-GST polyclonal antibody (Amersham Pharmacia Biotech) or mouse anti-His-tagged antibody (Invitrogen, Carlsbad, CA, USA) was added to the binding reaction and incubated for another 30 min on ice prior to electrophoresis.
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